Excessive fluoride may cause central nervous system (CNS) dysfunction, and oxidative stress is a recognized mode of action of fluoride toxicity. In CNS, activated microglial cells can release more reactive oxygen species (ROS), and NADPH oxidase (NOX) is the major enzyme for the production of extracellular superoxide in microglia. ROS have been characterized as an important secondary messenger and modulator for various mammalian intracellular signaling pathways, including the MAPK pathways. In this study we examined ROS production and TNF-, IL-1 inflammatory cytokines releasing, and the expression of MAPKs in BV-2 microglia cells treated with fluoride. We found that fluoride increased JNK phosphorylation level of BV-2 cells and pretreatment with JNK inhibitor SP600125 markedly reduced the levels of intracellular O 2 ⋅− and NO. NOX inhibitor apocynin and iNOS inhibitor SMT dramatically decreased NaF-induced ROS and NO generations, respectively. Antioxidant melatonin (MEL) resulted in a reduction in JNK phosphorylation in fluoride-stimulated BV-2 microglia. The results confirmed that NOX and iNOS played an important role in fluoride inducing oxidative stress and NO production and JNK took part in the oxidative stress induced by fluoride and meanwhile also could be activated by ROS in fluoride-treated BV-2 cells.
Introduction
Fluorosis a progressive degenerative disorder resulted from excessive intake of fluoride (F) either by natural or by anthropogenic sources and most commonly through drinkingwater. Endemic fluorosis is prevalent in many parts of the world and often seriously impairs the health of human or animals. Fluorosis causes damage not only to skeletal tissue and teeth but also to soft tissues such as brain [1] . Several studies indicated that excessive exposure to fluoride may be associated with central nervous system dysfunction. Animal studies have shown that chronic or subchronic fluoride exposure may lead to changes in behavior and neurodegeneration [2] [3] [4] . Intelligence Quotient (IQ) in children with exposure to high fluoride levels in drinking water was reduced [5] [6] [7] . Although the toxic effects of fluoride on the central nervous system were found, the specific mechanisms remained unknown.
Oxidative stress is a recognized mode of action of fluoride, and some studies have reported that fluoride can induce oxidative damage in brain tissue [8] . The central nervous system (CNS) is especially sensitive to free radical oxidative damage as it contains more easily oxidizable fatty acids [9, 10] . Reactive oxygen species (ROS) and free radicals played a key role in the pathogenesis of many diseases, including neurodegenerative processes [11, 12] . Oxidative stress is a prominent feature of many neurodegenerative disorders. Our previous study has found that fluoride can activate microglia and release ROS and reactive nitrogen species (RNS) [13] .
Microglial cells are the resident macrophages of the brain and play an important role in immune responses in the brain. In the normal CNS, microglia display a quiescent phenotype, characterized by low expression of the cell surface molecules like CD14 and CD45, absent phagocytic activity [14, 15] . They are activated in response to brain injury from inflammation, damage, or disease and accompany the release of proinflammatory factors such as tumor necrosis factor (TNF-) and interleukin (IL)-1 , as well as RNS, ROS, which also can exacerbate neuronal injury [16, 17] . ROS has been characterized as an important secondary messenger and modulator for various mammalian intracellular signaling pathways, including the MAPK pathways, namely, extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAPK. In neuronal cells, ERK1/2 is primarily activated by growth factors and is involved in cellular proliferation, differentiation, and development, whereas JNK and p38 signaling cascades are preferentially activated by environmental stress and inflammatory cytokines and have been shown to promote neuronal cell death [18] . Several studies have shown that LPS induces the expression of iNOS and NO production via a mechanism mediated by the JNK pathway in microglia BV-2 cells [19, 20] . MAPK family which are responsive to stress stimuli are also involved in the generation of ROS and free radicals [21] . Some literatures reported that fluoride can induce the phosphorylation of all members of MAPK family in human pulmonary epithelial cells [22, 23] . Therefore, MAPK signal transduction pathway has become an important mechanism of fluoride toxicity and provided investigation clues for the pathogenesis of fluorosis.
NADPH oxidase (NOX) is a multicomponent enzyme complex with the capacity to produce the highly reactive free radical superoxide. NOX is the major enzyme for the production of extracellular superoxide in immune cells and is highly expressed in microglia. In the present study, we examined ROS production and the expression of MAPKs in BV-2 microglia cells treated with fluoride and found that JNK and NOX were involved in the production of ROS in BV-2 microglia cells cotreated with fluoride and inhibitors of JNK and NOX. The results elucidated the possible molecular mechanisms of fluoride-induced ROS generation and provided experimental data for understanding the mechanism of CNS damage caused by fluoride.
Materials and Methods

Chemicals and Reagents.
Sodium fluoride (NaF, molecular weight 41.99) was procured from Sigma Chemical (St. Louis, MO, USA). PBS, medium, antibiotic, and antimycotic solutions (10,000 U/mL penicillin, 10 mg/mL streptomycin, and 25 mg/mL amphotericin B) were purchased from GIBCO (Grand Island, NY, USA). Anti-ERK, anti-p38, anti-JNK, and anti-phospho-JNK antibodies were obtained from Cell Signaling Technology (Beverly, MA, USA). JNK inhibitor SP600125 was purchased from Calbiochem (La Jolla, CA, USA) and NOX inhibitor apocynin (API) was purchased from ChromaDex (Santa Ana, CA, USA). iNOS inhibitor SMT (S-methylisothiourea sulfate) was obtained from Beyotime Institute of Biotechnology (Shenzhen, China). 4 ,6-Diamidino-2-phenylindole (DAPI) and all other analytical laboratory chemicals and reagents were obtained from Sigma, Invitrogen (Carlsbad, CA, USA), Hyclone (Logan, UT, USA).
Cell Culture and Treatment.
The immortalized murine microglia cell line, BV-2, was provided by cell culture center, School of Basic Medicine, Peking Union Medical College. The BV-2 cells were maintained in Dulbecco's Modified Eagles Medium (DMEM) that contained 10% fetal bovine serum and antibiotics at 37 ∘ C in a 5% CO 2 humified incubator. Prior to each experiment, cells were plated in 24-well plates at a density of 1 × 10 5 cells for culture supernatant tests or in 6-well plates at a density of 2 × 10 5 cells for protein extraction. Exponentially growing BV-2 cells were pretreated with 2 mM melatonin (MEL) or 100 M NOX inhibitor API or 300 M iNOS inhibitor SMT or 50 M of JNK inhibitor SP600125 for 2 h and followed by treatment with 1-100 mg/L NaF for the indicated amount of time.
MTT Cell Viability
Assay. Viability and growth patterns of BV-2 cells based on mitochondrial enzyme functions in 96-well plates were determined under NaF-treated for 6, 12, 24, 48, and 72 h by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) conversion to formazan. Briefly, 100 L of MTT solution (0.5 mg/mL in the medium) was added to each well, and the plates were incubated at 37
∘ C for additional 4 h. Afterwards, the medium containing MTT was removed and the crystals were dissolved in 150 L of 100% dimethyl sulfoxide (DMSO). The cell viability was determined by measuring the optical density (OD) at 570 nm using a quantified microplate reader (Multiscan Ascent, Labsystem, Finland). All determinations were confirmed by replication in at least three independent experiments.
Immunocytochemistry.
Following NaF treatment, cultured microglia were fixed with 4% paraformaldehyde and incubated with 1 : 100 diluted primary antibody, rabbit antimouse Iba-1 (ionized calcium-binding adaptor molecule 1, microglia marker) for 1 h at 37 ∘ C, and secondary antibody Tritc-conjugated goat anti-rabbit IgG was added for 40 min at 37 ∘ C. Then nucleus was dyed with DAPI for 10 min. Staining of Iba-1was examined by fluorescence microscopy.
Analysis for Intracellular ROS and 2
⋅− . To measure the intracellular generation of ROS, the fluorescent marker DCFH-DA was used. Briefly, BV-2 cells in 24-well culture plates, preincubated with NOX inhibitor API for 2 h, and then treated with 50 mg/L NaF for 24 h, were rinsed and resuspended in serum-free medium containing 10 M DCFH-DA. After a further 30 min of incubations at 37 ∘ C, cells were rinsed twice with ice-cold PBS and harvested by trypsin. DCF fluorescence intensity was measured via a FACScan flow cytometer (BECTON DICKINSON, USA) with excitation wave length at 488 nm and emission wave length at 525 nm for ROS generation. The fluorescence intensity parallels to the amount of ROS formed. Intracellular O 2 ⋅− was detected by measuring dihydroethidium (DHE) fluorescence. BV-2 cells were harvested after being preincubated with NOX inhibitor API or 50 M JNK inhibitor SP600125 for 2 h and then treated with various concentrations of NaF for 24 h, washed with serum-free culture medium, and incubated with 5 M DHE at 37 ∘ C for 30 min. Then the cells were harvested, washed, and resuspended and were measured via a FACScan flow cytometer (BECTON DICKINSON, USA) with excitation wave length at 300 nm and emission wave length at 610 nm for O 2 ⋅− generation. 
Western Blot Analysis.
BV-2 cells treated with NaF were washed twice with PBS and then dissolved in 0.1 mL lysis buffer. Resulting lysates were centrifuged at 12,000 ×g for 3 min at 4 ∘ C in an ultracentrifuge. The protein concentrations of total cell lysates were measured using the Bio-Rad microprotein assay reagent and evenly adjusted. The protein extracts (30 g) were separated on SDS-PAGE and transferred to a polyvinylidene-difluoride (PVDF) membrane at 15 volt 40 min. The membranes were blocked in PBST blocking buffer (5% BSA in PBS with 0.05% Tween 20, pH 7.4) for 2 h. This was followed by incubating with primary antibodies overnight at 4 ∘ C. After three washes with PBST, the blots were incubated with appropriate horseradish peroxidase-linked secondary antibodies for 1 h at room temperature. The blots were washed again and detected the proteins of interest by Western Blotting Luminol Reagent according to the manufacturer's instructions, and then the chemiluminescence signal was visualized with X-ray film. Bands of NCAM isoforms were obtained and densitometric analysis was performed with Gel-Pro Analyzer version 3.0 software.
Enzyme Linked Immunosorbent Assays (ELISA).
After BV-2 cells were treated with NaF for 24 h, TNF-and IL-1 in the cell culture media were measured using an ELISA kit according to the instructions of the manufacturer. The concentrations of TNF-and IL-1 were calculated according to the standard curve of the ELISA kits.
Statistical Analysis.
Statistical analyses were accomplished with SPSS for Windows, version 17.0. All experiments were performed at least in triplicate and the values represent mean ± SD. Differences between groups were statistically analyzed by one-way analysis of variance (ANOVA). Student's unpaired test was used to compare two independent groups (antioxidant-treated versus antioxidant-untreated or inhibitor-treated versus inhibitor-untreated). values <0.05 were designated as statistically significant. Table 1 , BV-2 cell viability increased at 1 and 5 mg/L NaFtreated groups following 6 h of culture and then came back to the level of control group accompanying the increase of concentrations of NaF. After treatment with NaF for 12 h, the survival rates of 50 and 100 mg/L fluoride-treated groups were remarkably lower than that of the control group ( < 0.05). There were significant negative correlations between cell viability and NaF concentrations, and the correlation coefficients were −0.766, −0.809, −0.826 and −0.684 for 12 h, 24 h, 48 h, and 72 h, respectively.
Results
Effects of Fluoride on BV-2 Cell Viability. As shown in
BV-2 Cell Activation after Being Treated with Fluoride.
Iba-1 is as an ionized calcium-binding adaptor molecule. Expression level of Iba-1 increases as microglial cells were activated and immunocytochemistry localization of Iba-1 can be used as a microglia marker. Iba-1 expressions significantly increased in BV-2 microglia treated with various concentrations of NaF for 24 h and shown in bright red fluorescence in the cytoplasm in the dose-dependent manner, which indicated that fluoride can stimulate BV-2 cells to change into activated microglia displaying upregulated Iba-1 expression (Figure 1 ).
Effects of Fluoride on the Release of Inflammatory Cytokines.
It was observed that the intracellular NO level increased significantly in fluoride-exposed cells in dose-dependent manner after being exposed NaF for 12 hours ( = 0.767, < 0.01) and 24 hours ( = 0.525, < 0.05). As shown in Figure 2(a) , 50 and 100 g/mL NaF significantly induced NO release. Figure 2 (b) showed that BV-2 cells treated with 50 and 100 g/mL NaF exhibited significantly increased TNFrelease compared to control cells at exposure for 12 h ( < 0.01). The concentration of TNF-in the cell culture media increased only in 100 g/mL NaF-treated BV-2 cells after being exposed NaF for 24 h. For the release of IL-1 in fluoride-treated BV-2 cells, we found that only 1 g/mL NaF induced significant increase of IL-1 compared to control group at exposure 12 h and 24 h ( < 0.05) see Figure 2 (c).
Effects of NOX and iNOS on the Oxidative Stress of BV-2 Cells Treated by Fluoride.
Our previous study had shown that fluoride could cause oxidative stress and induce the increase of intracellular ROS and O 2 ⋅− in BV-2 microglial cells [13] . NOX has been characterized as the main source of intracellular ROS during microglial activation and is activated in a variety of microglial activation processes. To determine whether NOX and iNOS were involved in fluoridemediated oxidative stress in BV-2 cells, we tested the effects of the NOX and iNOS. Pretreatment of BV-2 cells with NOX inhibitor API dramatically decreased NaF-induced ROS and O 2 ⋅− generations. The contents of intracellular ROS and O 2 ⋅− were evaluated by the changes in DCF and DHE fluorescence intensity, respectively, and shown in Figures 3(a) Mediators of Inflammation This further confirms that NOX and iNOS play an important role in fluoride inducing oxidative stress and NO production ( Figure 3(c) ).
Effects of MAPK Signal Pathway on Fluoride-Induced Oxidative Stress in BV-2 Cells.
It has been previously shown that NaF increases ERK, p38, and JNK activity in human lung epithelial cells [23, 24] . We examined here the expressions of MAPK in NaF-treated BV-2 microglia cells. Western blot showed that treatment with 5, 10, and 50 g/mL NaF increased JNK phosphorylation level but did not influence ERK and p38 phosphorylation (Figure 4(a) ). To further understand that the possible effects of MAPK signal pathway in fluoride induce oxidative stress, BV-2 cells were treated with 50 g/mL NaF in the presence or absence of JNK inhibitor SP600125. As shown in Figures 4(b) and 4(c), JNK inhibitor SP600125 markedly reduced the levels of intracellular O 2 ⋅− and NO. Our study herein suggested that fluoride could cause JNK phosphorylation, which also took part in the oxidative stress induced by fluoride in BV-2 microglial cells. Several lines suggest that ROS production follows the activation of p38 MAPK [25] ; the effect of ROS on the activation of JNK was investigated by the means of Western blot analysis. We found that treatment with antioxidant MEL resulted in a reduction in JNK phosphorylation in fluoridestimulated BV-2 microglia (Figure 4(d) ), which means that JNK activation requires ROS in fluoride-treated microglia. Together, our data provided the evidence that JNK took part in the oxidative stress induced by fluoride and meanwhile also could be activated by ROS in fluoride-treated BV-2 cells.
Discussion
Fluorine is an essential trace element for the body, but excessive fluoride intake over a long period of time may result in dental and skeletal fluorosis, as well as the deterioration of the learning and memory capability and reduction of IQ [26, 27] . Fluoride exposure increased the generation of ROS [28, 29] , which seems particularly important in mediating fluoride's effects. Oxidative stress is a recognized mode of action of fluoride exposure that has been observed in vitro in several types of cells and also in vivo in soft tissues, and oxidative damage is the major mode of action of fluoride. Microglia are the resident macrophages of the brain and as such play critical roles in the development and maintenance of the neural environment [30] . Although microglia continually survey the surrounding tissue, they remain in essentially a quiescent state under tight regulation until they become activated in response to perturbations in the brain's microenvironment or changes in the neuronal structure. Iba-1 is a marker of microglia activation, and here we observed that intracellular Iba-1 expression level was heightened in fluoride exposure groups, which means that the activation of microglia is induced by fluoride. Once activated, microglial cells produce a wide variety of inflammatory mediators which serve to mediate an innate immune response, including TNF-, IL-1 , NO, and ROS. TNF-and IL-1 are the two main proinflammatory cytokines produced by activated microglia during inflammation caused by the disruption of the brainblood barrier (BBB) [31, 32] . Interestingly, our work showed that IL-1 level is significantly enhanced only in 1 mg/L NaF-treated BV-2cells and retrieved with fluoride concentrations being increased. NO and TNF-levels increased significantly in 50 and 100 mg/L NaF-treated groups at 12 h and only 100 mg/L NaF-treated groups at 24 h compared with control group, although in a dose-dependent manner with fluoride exposure concentrations. These observations indicated that fluoride may promote IL-1 secretion in low dose and NO and TNF-secretion in high dose. These results also proved further that fluoride could stimulate microbial cells activation.
Our previous research has revealed that fluoride can attack oxygen species, and additional ROS are generated. Several intracellular sources contribute to ROS generation in monocytes, including cyclooxygenases, lipoxygenases, mitochondrial respiration, and NOX [33] . NOX is the major enzyme for the production of extracellular superoxide in immune cells and is highly expressed in microglia. We have found that API, a widely used NOX inhibitor, can reduce the O 2 ⋅− and ROS level significantly. It has also been demonstrated that the iNOS inhibitor, SMT, can inhibit the production of NO. These observations suggest that the oxidative stress response is more specifically mediated by NOX and iNOS.
MAPKs are important kinases in microglial redox signaling [34, 35] and control some gene expression of proinflammatory cytokines, chemokines, and enzymes [36, 37] . JNK and p38 are known as stress-activated protein kinases and play key roles in cellular stress, apoptosis, and inflammation [38, 39] . Here, we observed that p-JNK expression is enhanced with exposure to sodium fluoride in BV-2 microglial cells, which were consistent with other reports that fluoride affected MAPK signaling pathways in some cell types [22, 40] . The JNK pathway can be activated by a variety of cellular stressors, including TNF- [41] . TNF-induced by fluoride might mediate JNK phosphorylation in BV-2 microglia.
ROS can act as an important mediator to activate various signaling molecules and pathways, including the MAPK pathway [42, 43] , while phosphorylated MAPKs also could produce more ROS. In the present study, we found that antioxidant MEL, participating in diverse physiological functions, significantly inhibited p-JNK expression. MEL has been demonstrated the neuroprotective effects in various experiment, based on its antioxidant activity [44, 45] . Our results suggested that ROS might play part role in the activation of JNK-signaling pathway. To further analyze the role of JNK pathways in the oxidative stress induced by fluoride, JNK/MAPK signaling was blocked by inhibitors for JNK, SP600125. The results showed that O 2 ⋅− and NO levels decreased by inhibition of JNK by SP600125 in fluoridetreated BV-2 cells. These findings indicated that JNK signaling is responsible for fluoride-induced ROS and NO increase. These results suggest that oxygen radicals can work both upstream and downstream of the JNK activation in fluoridetreated BV-2 microglia.
In conclusion, we have identified that fluoride stimulated BV-2 microglial cells activation and consequently resulted in inflammatory cytokines releasing and oxidative stress strengthen. ROS generations induced by fluoride were part of activation of JNK/MAPK signaling pathway and NOX, while ROS were also as upstream of JNK/MAPK signaling pathway to activate JNK. Our results suggest that inflammatory cytokines and ROS releasing from activated microglial cells induced by fluoride might exert neurotoxicity in the toxic effects of fluoride on the central nervous system.
